Abstract Two neutralizing human scFv, b1 and h12 were identified initially using ELISA, employing highly purified virus as the coating antigen. The biosensor technique based on imaging ellipsometry was employed directly to detect two neutralizing monoclonal antibodies and serial serum samples from 10 SARS patients and 12 volunteers who had not SARS. Further, the kinetic process of interaction between the antibodies and SARS-CoV was studied using the real-time function of the biosensor. The biosensor is consistent with ELISA that the antibody h12 showed a higher affinity in encountering the virus than antibody b1. The affinity of antibody b1 and antibody h12 was 9.5 × 10 6 M −1 and 1.36 × 10 7 M −1 , respectively. As a label free method, the biosensor based on imaging ellipsometry proved to be a more competent mechanism for measuring serum samples from SARS patients and the affinity between these antibodies and the SARS coronavirus.
Introduction
From November 2002 to July 2003, severe acute respiratory syndrome (SARS), caused by a novel coronavirus, quickly affected many countries and had a highly disruptive impact on people's lives as well as the economy. The most recent SARS outbreaks were reported in Beijing and Anhui Province, China, in April 2004. These indicated that SARS epidemics might recur at any time in the future (Peiris et al., 2003; Lingappa et al., 2004; Poutanen et al., 2003) . Currently, a number of SARS vaccine candidates were being developed, which included inactivated SARS coronavirus (SARS-CoV) vaccines, DNA vaccines, and attenuated virus vaccines that produced SARS-CoV specific protein (Bisht et al., 2004; . However, their utility in humans remained unclear. Moreover, there had been grave concerns regarding their safety as some antigens to the virus. Some vaccines might elicit antibodies that did not neutralize (Oba et al., 2003; Wang et al., 2003a) . Neutralizing the SARS-CoV infection through passive immunization of the antibodies carried a low level of risk compared with methods involving inactivated viruses or attenuated virus vectors (Wang et al., 2004a; Ter Meulen et al., 2004) . Thus, the screening of new and effective antibodies and a deeper understanding of the antibodies' responses to the viral components of the virus were imperative for more accurate diagnosis of the illness and the development of a vaccine.
After the new neutralizing antibodies were screened, there were various immune methods available to detect their presence and measure their activity levels. The key methods were: enzyme-linked immunosorbent assay (ELISA), western blot (WB) (Wang et al., 2003a) , indirect fluorescent antibody (IFA) (Wu et al., 2004) , reverse transcription-polymerase chain reaction (RT-PCR) and real-time PCR (Poon et al., 2004; Lau et al., 2003) . These methods exhibited varied strengths and weaknesses. Most of these methods required the samples to be labeled, which occasionally resulted in a high percent of false positives or false negatives, and required expensive equipment (Long et al., 2004) . Moreover, some procedures were a discontinuous method and kinetic information was not readily available by the possibility of mass transport limitations (Yu et al., 2004) . In contrast with these methods, the biosensor with imaging ellipsometry offered several advantages such as it did not require the use of labels; it was rapid, intuitionistic and low cost. Furthermore, it could analyze directly the interactive process. The biosensor technique was developed in 1995 (Jin et al., 1995a) . It was a protein analysis technique that was able to engage in swift, automated, multi-protein analysis simultaneously and which combined high spatial resolution imaging ellipsometry with microarray (Jin et al., 1996 (Jin et al., , 1995b . Previously, the technique had been used successfully in a number of scenarios, for example in, 1) human IgG molecules covalent immobilization (Wang and Jin, 2004b) ; 2) hormone detection (Zhao et al., 1998) ; 3) cell factor and its receptor interaction (Wang and Jin, 2002) ; 4) cancer marker test (Zhang et al., 2005) ; 5) quantitative protein competitive adsorption (Hofmann et al., 2002; Ying et al., 2002 Ying et al., , 2004 ; 6) kinetic detection for multi-protein interaction process (Jin et al., 2003) ; 7) biomolecule interaction (Wang and Jin, 2003b) .
For this study, an immune antibody phage-display library was constructed from B cells of SARS convalescent patients and more than eighty clones were selected from the library by using the whole inactivated SARS-CoV virions as target. Two human single chain Fv (scFv) b1 and h12 were characterized extensively (Duan et al., 2005 (Duan et al., , 2006 . The biosensor was utilized to detect the activity of the new antibodies against the SARS-CoV in encountering the virus in contrast to the 10 serum samples from SARS-infected donors. Furthermore, real-time detection method the interaction between SARSCoV and these new antibodies was also investigated.
Materials and methods

Materials and reagents
Silicon wafers were purchased from General Research Institute for Nonferrous Metals. Tween 20 was purchased from Sigma-Aldrich. 3-aminopropyltriethoxy-silane (99%, v/v) was purchased from ACROS. Glutaraldehyde (50% aqueous solution photographic GRA) and Bovine serum albumin (BSA) were purchased from SIGMA. All chemicals used were of analytical grade. Antibody b1 (137 μg/ml, MW 29KD) and antibody h12 (87.2 μg/ml, MW 29KD) and SARS-CoV were provided from the Institute of Biophysics, Chinese Academy of Sciences (Duan et al., 2005 (Duan et al., , 2006 Lin et al., 2004) . Serum samples from 10 SARS patients were isolated from 7 to 210 days after the onset of the symptoms were provided from Department of Epidemiology, Institute of Microbiology and Epidemiology, Beijing, China. Clinical information of some patients was listed in the Table 1 . Phosphate-buffered saline (PBS; 10 mM phosphate, 0.1 M NaCl pH7.2) and PBS with 1% tween 20 (PBST)were prepared. Deionized water (Resistivity18.3 M cm) was produced by ion exchange demineralization, followed by passing through a Milli-Q plus system from Millipore (Millipore, Bedford, MA). Real-time spectroscopic ellipsometry experiments were performed with a variable angle spectroscopic ellipsometer of J. A. Woollam Co.
ELISA
96-well microtiter plates (Nunc, Rochester, NY) were coated overnight at 4
• with inactivated SARS-CoV particles in 0.05 M Na 2 CO 3 , pH 9.6, blocked with 3% BSA in PBS, and incubated with an individual phage scFv in PBS containing 1% BSA. After washed with PBST, the bound antibodies were detected by HRP-conjugated anti-M13 antibody followed by incubation with ortho-phenylene-diamine (OPD) as substrate. The color reaction was measured at 490 nm in a BioRad ELISA reader (Hercules, CA, USA).
Biosensor technique
With the modified substrate of the silicon wafer with 3-aminopropyltriethoxy-silane and Glutaraldehyde, antibody (or antigen) can be covalently bound to different areas on surface of silicon wafer due to the reaction of the Schiff base with -CHO with a model of micro-fluidic for a microarray. In this case, each area of the microarray may function as an immune-probe. An immune-probe can capture corresponding antigens (or antibodies) in the solution. When the corresponding antibodies (or antigens) in the solution interact with the immune-probe in the microarray, they form a complex upon their affinity and the layer covering the surface area of the interaction becomes thicker (or surface concentration higher). A significant increase in the attached layer thickness (or surface concentration) indicates that the solution contains the antibody (or antigen). The imaging ellipsometry is used to detect the protein layer pattern on the microarray surface. The distribution of the lateral thickness (or surface concentration) protein layer pattern is simultaneously detected, which may further point to the existence of antibodies in the tested solution for immune tests. During the binding process, the kinetic process of protein interactions also became observable with real-time spectroscopic ellipsometry. Some important kinetic data can be supplied using real-time experiments.
Imaging ellipsometry is an enhancement of standard single-beam ellipsometry which combines the power of ellipsometry with microscopy (Jin et al., 1996) . Its technical details could be found in these literatures (Wang and Jin, 2003c; Arwin et al., 1993; Stenberg and Nygren, 1983 ).
Polished silicon wafer surface modification
Polished silicon wafer was chosen as substrate here. The silicon wafers were cut into rectangles 20 × 10 mm and cleaned in deionized water. The wafer surface was washed in solution (30% H 2 O 2 :98% H 2 SO 4 = 1:3 v/v) for 30 min. The solution not only removed contaminants of the silicon surface, but also improved the number of silanol groups on the surface, thus making the surface hydrophilic. After being rinsed in deionized water and ethanol, the washed surfaces were incubated in a mixture of 3-Aminopropyltriethoxy-silane (APTES 99%, v/v) and absolute ethanol (3-Aminopropyltriethoxy-silane: absolute ethanol = 1:10 v/v) for 2 h. Following this, they were again rinsed in absolute ethanol three times. The reaction of 3-Aminopropyltriethoxy-silane with silanol groups on the surface of the wafer, resulted in the covalent immobilization of -O-Si(OH) 2 -(CH 2 ) 3 NH 2 , which formed a layer of densely packed amino groups on a silicon dioxide layer, making the surface highly hydrophobic. After rinsed in ethanol and PBS, the washed surface was incubated in a mixture of Glutaraldehyde (50% aqueous solution photographic GRA) and PBS (Glutaraldehyde:PBS = 1:15 v/v) for 1 h. After rinsed in PBS, the silicon wafers were kept in PBS. OHC(CH 2 ) 3 CHO could react with -NH 2 of -O-Si(OH) 2 -(CH 2 ) 3 NH 2 and made -(CH 2 ) 3 N=CH(CH 2 ) 3 CHO (Wang and Jin, 2004c) .
2.5. Qualitative detection of serum and the antibody against SARS-CoV with biosensor based on imaging ellipsometry SARS-CoV ligand immobilized was prepared and covalently immobilized on six individual areas on the surface of a modified silicon wafer with a model of micro-fluidic for a microarray. Each area required 10 μl of SARS-CoV, which passed the surface of modified silicon wafer at 1 μl/min, after which the wafers were rinsed with deionized water. After being blocked for 30 min at room temperature with 10 mg/ml BSA, six identical immune-probes were formed. Antibody h12 and b1 were diluted once using PBS solution with 1% tween 20 to the concentration 68.5 μg/ml and 43.6 μg/ml respectively. Each area required 10 μl of antibody, which passed through the surface of these immune-probes at 1 μl/min. Of the six areas, two were control areas, two areas were chosen to detect antibody h12 and two areas were chosen to detect antibody b1. Antibody h12 and b1 were detected twice to verify the immunoreactions within a microarray. After being rinsed with deionized water and dried with nitrogen, the surface concentration of surface-bound antibody against SARS-CoV was qualitatively detected using imaging ellipsometry. If the antibody in the solution and immune-probe formed a complex, the layer on the area would become thicker. Follow same step, the 10 serum samples from SARS infected donors and negative samples were detected using the biosensor. The detecting time was estimated to be around 10 min, with the whole process requiring approximately 40 min.
2.6. The kinetic process of analyzing the two antibodies against SARS-CoV using real-time spectroscopic ellipsometry For the real-time observation of the interaction between the antibodies and the SARS virus, SARS-CoV ligand immobilized was prepared. This was achieved using the following process. Modified silicon wafer was incubated for 10 min with SARS-CoV, and SARS-CoV was covalently immobilized. Following this, the wafers were rinsed with deionized water and the surface containing immobilized SARS-CoV was then blocked using 10 mg/ml BSA for 30 min. The chip was inserted into a reaction cell containing buffer solution used in real-time experiments and the sensing surface was clearly observed. The antibody b1 and h12 were diluted to 82.2 μg/ml and 34 μg/ml in PBST, respectively. The solution containing the antibody was poured into the cell that already contained a buffer solution without antibodies. Some antibody molecules diffused to the sensing surface reacted with the corresponding antigens on the surface, resulting in the formation of their complexes. The concentration distribution of antibody in the cell reached to uniform. The binding process between antigen on the surface and antibodies in the solution was then observed simultaneously. The distribution of lateral thickness (or surface concentration) of protein layer pattern was detected and recorded once every 1.3 s, which corresponded to the speed of the reaction between the antibody and SARS-CoV. The binding process caused the surface concentration on the corresponding sensing surface to increase with time.
Similar to the BIAcore technique (Malmborg et al., 1992) , the real time experiment was performed according to the Fig. 1 Detection activity of antibodies with ELISA contrast with serum. Antibody h12 OD is 1.85. Antibody b1 OD is 1.70. Serum SARS patient OD is 2.19 method described in the literature (Wang and Jin, 2003b) . Rate constants for the interaction (association rate constant k a and dissociation rate constant k d ) were derived from an analysis of the binding curves in real-time experiment with spectroscopic ellipsometry. To interpret the sensorgram, first order kinetics was assumed and the association constant was given by:
where C was the concentration of analytes; R max was the maximum analytes binding capacity on the biosensor surface; R was the quantity of the analytes in chip at time t. The association rate constant was calculated by plotting dR/dt against R, measuring the negative slope value (= k a C − k d ) and plotting it against different concentrations of antibody/antigen. The slope gave the association rate constant. When using this evaluation method, it was not necessary for the interaction to reach equilibrium. The dissociation rate constant was calculated from the equation:
where R A1 = bound analyte at time t = 1, the start of the dissociation; R An = bound analyte at time t = n The affinity constant was calculated from the association/dissociation rate constant.
Results
Screening of antibody against SARS-CoV with ELISA
The result of detection antibody b1, antibody h12 and SARS serum using ELISA is shown in Fig. 1 . The optical density (OD) of serum SARS is the greatest. The OD of antibody h12 is greater than that of antibody b1.
Detection of serum of SARS patients and antibodies against SARS-CoV using the biosensor
The results are shown in Table 2 . The Fig. 2 images in grayscale show in (A), (C) and the corresponding thickness distribution in three dimensions shows in (B), (D). Some significant increases in the layer thickness appear in the bioactive areas, as expressed in Fig. 3 . After being blocked with 10 mg/ml BSA, the surface concentration of the SARS-CoV layer is 0.68 μg/cm 2 . The surface concentration of antibody b1, antibody h12 and serum of SARS patient are 1.14, 0.9 and 0.96 μg/cm 2 , respectively. The results of serial serum samples from 10 SARS patients and 12 negative serum samples from volunteers who have not had SARS are shown in Table 3 and Fig. 4 . The result shows that the film thickness of positive samples is obvious higher than the SARS-CoV and negative samples layer, and the thickness of negative samples layer for no positive interaction is similar to the SARS-CoV layer. Analytical sensitivity and detection limit of the biosensor can be found in the literature (Zhang et al., 2005) .
The kinetic process analysis of antibody against SARS-CoV using real-time spectroscopic ellipsometry
Figures 5 and 6 show a series of increases in the surface concentration, allowing for the binding processes between antibody b1, antibody h12 and SARS-CoV. The experiment is repeated several times. The surface concentration increase indicates the point where the antibody binds to the ligand on their affinity. There are two interaction rates for the binding processes seen obviously below and over 300 s. Table 2 The thickness of antibodies and serum film on biosensor based on imaging ellipsometry times SARS-CoV, Average antibody, serum 1 2 3 4 5 6 7 8 9 10 11 thickness (nm)
SARS-Cov 5.3 5.1 6 5.7 5.2 5.1 6.5 5.2 6.6 5.5 6.2 5.7 Antibody b1 9.9 9.6 8.7 9.2 10.4 8.7 10.3 9.0 9.5 Antibody h12 7.9 7.3 7.3 7.6 7.2 7.8 7.5 Serum SARS 7.7 7.3 7.8 8.0 8.0 7.8 7.8 8.9 9.0 7.8 8.0 The result shows that the interaction rate is different for the two binding processes. With the experimental results, we can do a further theoretical analysis. Table 4 shows data detailing the analysis of the kinetic process whereby the antibodies are measured using real-time spectroscopic ellipsometer. The affinity between SARS-CoV and antibody h12 is higher than that with the antibody b1, which demonstrates that different antibodies produce varying levels of affinity between antibodies and virus. a1, a2, a3, a4, a5, a6, a7, a8, a9, a10, a11 and a12 are negative samples N1, N2, N3, N4, N5, N6, N7, N8, N9, N10, N11 and N12; b1, b5, b9 is SARS patient P030; b2, b3, b4, b6, b7, b8, b11 and b22 are SARS patients P026, P032, P013, P010, P005, P049, P004, P040 and P002; c1, c2, c3, c4, c5, c6, c7, c8, c9, c11 , c12 spots containing SARS-Cov as a control 
Discussion
Two antibodies might have potential use in the creation of SARS vaccines and in the diagnosis of SARS. We had examined the activity of two scFv fragments selected with phage display. ELISA revealed that the two scFv were specific for SARS-CoV and had a similar level of activity against the SARS-CoV as had the serum from SARS-recovered donors. A significant increase in the attached layer thickness found by the biosensor provided a further indication of the interactive process. The antibodies in the solution interacted on the surface with SARS-CoV and formed into a complex. This point was further reinforced by the kinetic process. The biosensor based on imaging ellipsometry was valuable diagnostic tools to the accuracy of diagnosis. Compared with other methods, the advantages of the biosensor based on imaging ellipsometry were evident as it didn't require labeling, and provided rapid, visual image detection. The non-use of labels avoided unnecessary disturbance to any bioactivity of analytes. Detection of neutralizing antibody in 10 serum samples from SARS-infected donors using the biosensor showed different concentration also. ELISA required labeling of the samples, which might affect the activity of the antibodies. The presence of the second antibody and the dye directly might affect OD. ELISA occasionally produced false positives (Wang et al., 2004a) . The biosensor and real-time analysis could detect directly the thickness of the antibodies' layer with no labeling. The biosensor demonstrated the fact that antibodies b1 and h12 had different level of activity in encountering the virus. In addition, the biosensor can performed multiple tests simultaneously, thus the biosensor with a microarray was much more convenient to analyze the two antibodies.
The real-time analysis was a utility and intuitionistic experimental tool. The affinity of the two antibodies encountering the SARS-CoV was deduced using real-time measurement. Different antibodies exhibited different levels of capacity to neutralize the SARS-CoV. The function of realtime analysis was to supply some important kinetic data, such as the interaction rate, affinity, conditions, etc. This kinetic data provided important information for the understanding of the antigenicity and immunogenicity of the SARS-CoV. Clearly defining interaction characteristics ensured that the best antibodies were selected as research tools or assay components. Two antibodies against the SARS-CoV proved to be an effective antidote to the virus and they might have practical application beyond simple clinical diagnosis. These antibodies might be also used to help unravel the details of biological mechanisms of the SARS-CoV and identify therapeutic targets.
As a label-free immunological method, the biosensor has been applied in the antibodies b1 and h12 interaction with SARS-CoV. It proves that the antibody b1 and h12 have the capacity to neutralize SARS-CoV. The kinetic data of antibody against SARS-CoV can also elucidate disease mechanisms and the antigenicity and immunogenicity of the SARSCoV. Therefore, the biosensor is a valuable diagnostic tool with a high accuracy and available to a clinician in concert with conventional test methods.
